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Cellular signal transductionThe effects of geometric properties of membranes on the structure of the phospholipase C-δ1 (PLC-δ1)
pleckstrin homology (PH) domain were investigated using solid state 13C NMR spectroscopy. Conformations
of the PLC-δ1 PH domain at the surfaces of multilamellar vesicles (MLV), small unilamellar vesicles (SUV),
and micelles were examined to evaluate the effects of membrane curvature on the PH domain. An increase in
curvature of the water–hydrophobic layer interface hinders membrane-penetration of the amphipathic α2-
helix of the PH domain that assists the membrane-association of the PH domain dominated by the
phosphatidylinositol 4,5-bisphosphate (PIP2) speciﬁc lipid binding site. The solid state 13C NMR signal of
Ala88 located at the α2-helix indicates that the conformation of the α2-helix at the micelle surface is similar
to the solution conformation and signiﬁcantly different from those at the MLV and SUV surfaces which were
characterized by membrane-penetration and re-orientation. The signal of Ala112 which ﬂanks the C-
terminus of the β5/β6 loop that includes the α2-helix, showed downﬁeld displacement with decrease in the
interface curvature of the micelles, SUV and MLV. This reveals that the conformation of the C-terminus of the
β5/β6 loop connecting the β-sandwich core containing the PIP2 binding site and the amphipathic α2-helix is
sensitive to alterations of the curvature of lipid bilayer surface. It is likely that these alterations in the
conformation of the PLC-δ1 PH domain contribute to the regulatory mechanisms of the intracellular
localization of PLC-δ1 in a manner dependent upon the structure of the molecular complex containing PIP2.
© 2009 Elsevier Inc. All rights reserved.1. Introduction
Pleckstrin homology (PH) domains are small protein modules
which consist of about 110 amino acid residues. These domains are
frequently included in proteins involved in important cellular
functions such as cellular signal transduction, cytoskeletal reorgani-
zation and membrane trafﬁcking [1–4]. It has been reported that PH
domains of certain proteins are involved in regulatory mechanisms
related to intracellular localization of at least portions of the proteins,
via stereo-selective and high-afﬁnity binding to head groups of
phosphoinositides [5]. The PH domain of phospholipase C-δ1 (PLC-δ1)
is localized at the surface of the plasma membrane via the stereo-
selective afﬁnity for the head group of phosphatidylinositol 4,5-
bisphosphate (PIP2). This arrangement enables PLC-δ1 to hydrolyze
PIP2 thereby generating the second messengers D-myo-inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol which are required for Ca2+
mobilization and activation of protein kinase C, respectively [6–10]. Itcted at tel.: +81 564 55 7321;
ax: +81 791 58 0182.
), tuzi@sci.u-hyogo.ac.jp
ll rights reserved.has also been reported that PLC-δ1 undergoes a continuous circulation
between the cytoplasm and nucleus, and that the populations of PLC-
δ1 in the cytoplasm and the intranuclear matrix are regulated by the
distribution of PIP2 in the cytoplasm and the nucleus in a manner
inﬂuenced by the PH domain [11–13].
In previous investigations, we have reported the discovery of a
non-speciﬁc hydrophobic interaction between an amphipathic α-
helix of the PLC-δ1 PH domain (α2-helix) and the interface between
the water phase and the hydrophobic inner layer of the membrane
(water–hydrophobic layer interface) [14]. The core structures of the
PH domain are a β-sandwich consisting of seven β-strands and a C-
terminal α-helix (α3-helix) which covers one of the open corners of
the β-sandwich (Fig. 1A). The other open corner of the β-sandwich
includes loops which connect the β1- and β2-strands, the β3- and β4-
strands, and the β6- and β7-strands. These loops provide a high
afﬁnity stereo-selective binding site for the PIP2 head group [15,16].
The amphipathicα2-helix is located within the long loop between the
β5- and β6-strands (β5/β6-loop) which are excluded from the PIP2-
speciﬁc binding site. It has been proposed that the α2-helix
penetrates the interface of the membrane with the helical axis
oriented parallel to the membrane plane. This produces a stable
orientation of the polar and hydrophobic faces of the helix at the
Fig. 1. Structures of PLC-δ1 PH domain, lipid, detergent and IP3. (A) The primary and the secondary structures of the PLC-δ1 PH domain. (B) Chemical structures of PIP2 (a), IP3 (b),
POPC (c), DMPC (d), DPC (e) and DM (f).
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between the membrane interface and the α2-helix appears to assist
association of the PLC-δ1 PH domain with the membrane via the
stereo-selective binding site for the PIP2 head group [17].
Insertion of a bulky secondary structural unit such as an α-helix
into the membrane interface may produce synergetic alterations of
the structures of the membrane interface and the protein. The Eps15
interactor NH2-terminal homology (ENTH) domain of epsin1 which
plays a role in clathrin-mediated endocytosis, regulates localization
of the epsin1 in the plasma membrane via stereo-selective
recognition of the PIP2 head group [18–20]. X-ray diffraction studies
have resulted in the proposal that an amphipathic α-helix (α0-helix)
is formed at the N-terminus of the ENTH domain which ﬂanks thebound PIP2 after membrane association via the PIP2-speciﬁc
membrane binding site. Subsequently the α0-helix penetrates the
membrane interface [21,22]. This membrane penetration by the α0-
helix induces deformation and tubulation of the lipid bilayer, most
likely as a result of an increase in the surface area of the membrane
caused by the insertion of the bulky α-helix into the interface
[21,23]. These alterations in the membrane structures are proposed to
be related to the membrane deformation which occurs during
endocytosis. Although there is no direct evidence that the PLC-δ1 PH
domain induces deformation of the membrane, the conformation and
dynamics of the PLC-δ1 PH domain furnished with the amphipathic
α2-helix that penetrates the membrane interface in a similar manner
to the epsin1 ENTH domain is likely to be affected by aspects of the
2577N. Uekama et al. / Biochimica et Biophysica Acta 1788 (2009) 2575–2583membrane interface such as the curvature of the membrane and
packing of the lipid molecules.
In this study, we examine the inﬂuence of the curvature of the
water–hydrophobic layer interface on the structure of the PLC-δ1 PH
domain bound to PIP2 which is embedded at the interface. The
processes of interface-penetration of the α2-helix and subsequent
conformational alterations of the PH domain detected during binding
of the PH domain to MLV or SUV (which have different curvatures)
are not observed when the PH domain binds to micelles. The
conformational differences of the PH domain bound to MLV, SUV and
micelles would arise from variations in the relative orientations of
the stereo-selective and non-speciﬁc membrane binding sites of the
PLC-δ1 PH domain in a manner which depends upon the membrane
geometry.
2. Materials and method
2.1. Lipid materials
Phosphatidylinositol 4,5-bisphosphate from bovine liver (PIP2),
2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC), and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were purchased
from Sigma (St Louis, MO, USA). n-dodecylphosphocholine (DPC)
was purchased from Anatrace, Inc. (Maumee OH, USA). n-dodecyl-β-
D-maltopyranoside (DM) was purchased from Nacalai Tesque
(Kyoto, Japan). The chemical structures of these lipids and
detergents are shown in Fig. 1B. L-[3-13C] alanine was purchased
from CIL (Andover, MA, USA). All reagents were used without
further puriﬁcation.
2.2. Protein expression and puriﬁcation
The rat PLC-δ1 PH domain fragment (1–140)was sub-cloned into a
pGEX-2T-based bacterial expression vector (pGEX-2T from Amer-
sham Bioscience, Piscataway, NJ, USA). This vector product was
designated pGST3 [14]. The PH domain was expressed as a
glutathione-S-transferase (GST) fusion protein in Escherichia coli
(PR745) [24]. The bacteria were cultured with M9 medium including
20 amino acids (100 mg/l each) with L-alanine was replaced by
L-[3-13C] alanine. After induction for 5 hwith 0.1mM isopropyl-1-thio-
β-D-galactopyranoside, cells were harvested and subjected to sonica-
tion in the presence of a mixture of protein inhibitors. The L-[3-13C]
Ala-labeled PLC-δ1 PH domain-GST fusion protein was puriﬁed using
glutathione-Sepharose 4B (AmershamBiosciences). GSTwas removed
by thrombin cleavage of the linker which connects GST to the PH
domain to obtain the [3-13C]Ala-labeled PLC-δ1 PH domain. A typical
yield of the PH domain was 7 mg/l of culture. The ﬁnal preparation of
the PH domain includes additional amino acid residues, GSRST- and
-ELGPRPNWPTS, at the N- and C-termini of the natural amino acid
sequence, respectively.
2.3. Preparation of MLV-bound PLC-δ1 PH domain
PIP2 and POPC dissolved in chloroform at a molar ratio of 1:20
were cast on glass to form a thin ﬁlm. The chloroform was
evaporated in vacuo for 1 day. Subsequently, 15 mg of the lipid
sample was suspended in 1 ml of 20 mM potassium phosphate
buffer (pH 6.5) containing 1 mM dithiothreitol and 0.025% NaN3 to
form the MLV. This step was followed by three freeze/thaw cycles.
The MLV suspension was mixed with 6.5 mg of [3-13C] Ala-labeled
PLC-δ1 PH domain dissolved in 50 mM Tris buffer (pH 7.5)
containing 150 mM NaCl and 0.25 mM CaCl2 and incubated for 15
min under room temperature to enable formation of the protein-
vesicle complex. The molar ratio of the PH domain and PIP2 was then
adjusted to 1:2. The suspension was subsequently dialyzed against
20 mM potassium phosphate buffer (pH 6.5) containing 1 mMdithiothreitol and 0.025% NaN3 at 4°C. MLV was concentrated by
ultracentrifugation using a himac CS100GXL centrifuge with a
S100AT4 rotor (Hitachi Koki) at 541,000 × g for 6 h at 4°C and
then packed into a 5 mm o.d. pencil-type zirconia rotor just prior to
the NMR measurements. The rotor was sealed with epoxy resin to
prevent dehydration of the sample.
2.4. Preparation of SUV-bound PLC-δ1 PH domain
PIP2 and POPC were dissolved in chloroform at a molar ratio of
1:20 and cast on glass to form a thin ﬁlm. Chloroform was evaporated
in vacuo for 1 day. Subsequently 15 mg of the lipid was suspended in
1 ml of 20 mM potassium phosphate buffer (pH 6.5) containing
1 mM dithiothreitol and 0.025% NaN3 to form the MLV sample. This
step was followed by three freeze/thaw cycles. The suspension of
MLV was sonicated with a probe type sonicator for 15 min at 40°C to
prepare the SUV sample. The SUV suspension was mixed with 6.5 mg
of [3-13C] Ala-labeled PLC-δ1 PH domain dissolved in 50 mM Tris
buffer (pH 7.5) containing 150 mM NaCl and 0.25 mM CaCl2 and
incubated for 15 min at room temperature to form the protein-
vesicle complex. The molar ratio of the PH domain and PIP2 was
adjusted to 1:2. The suspension was subsequently dialyzed against
20 mM potassium phosphate buffer (pH 6.5) containing 1 mM
dithiothreitol and 0.025% NaN3 at 4°C. The SUV was concentrated by
ultracentrifugation using a himac CS100GXL centrifuge with a
S100AT4 rotor (Hitachi Koki) at 541,000 × g for 6 h at 4°C and
packed into a 5 mm o.d. pencil-type zirconia rotor just prior to the
NMR measurements. The rotor was sealed with epoxy resin to
prevent dehydration of the sample.
2.5. Preparation of micelle-bound PLC-δ1 PH domain
PIP2 dissolved in chloroform was cast on glass to form a thin ﬁlm.
The chloroform was evaporated in vacuo for 1 day. The PIP2 ﬁlm was
solubilized with DPC or DM in 20 mM potassium phosphate buffer
(pH 6.5) containing 1 mM dithiothreitol and 0.025% NaN3. The molar
ratio of PIP2 to detergent was adjusted to 1:40. The suspensions
were subsequently incubated at 40°C for 1 h. The micelle suspen-
sions were mixed with 6 mg of [3-13C] Ala-labeled PLC-δ1 PH
domain dissolved in 20 mM potassium phosphate buffer (pH 6.5)
containing 1 mM dithiothreitol and 0.025% NaN3 and incubated for
15 min at room temperature. The molar ratio of the PH domain and
PIP2 was adjusted to 1:2. The PH domain-micelle complexes were
concentrated using a Microcon YM3 concentrator (MILLIPORE,
Bedford, MA, USA) and packed into a 5 mm o.d. pencil-type zirconia
rotor just prior to the NMR measurements. The ﬁnal concentration of
the PH domain was 4.8 mM. The rotor was sealed with epoxy resin
to prevent dehydration of the sample.
2.6. Measurements of solid-state NMR spectra
High resolution solid-state 13C NMR spectra were recorded on a
Chemagnetics Inﬁnity 400 spectrometer (13C: 100.6 MHz) using the
single-pulse excitation dipolar decoupled-magic angle spinning (DD-
MAS) method. The spectral width was 40 kHz, the acquisition time
was 50 ms, and the repetition time was 4 s. Free induction decay
proﬁles were acquired with 2,048 data points, and zero-ﬁlled to
32,768 data points prior to Fourier transformation. The π/2 pulse for
carbon nuclei was 5.0 μs, and the spinning rate for magic angle
spinning was stabilized to 2.6 kHz. The dipolar decoupling ﬁeld
strength of 55 kHz was used. Transients were accumulated 20,000 to
40,000 times until a reasonable signal-to-noise ratio was achieved. 13C
chemical shifts were referenced to the carboxyl carbon signal of
glycine (176.03 ppm from tetramethyl silane) and then expressed as
relative shifts from the tetramethyl silane value.
Fig. 2. Solid state 13C NMR spectra of PLC-δ1 PH domain bound to vesicles and micelle.
Solid state 13C NMR spectra of the [3-13C]Ala labeled PLC-δ1 PH domain bound to PIP2
embedded in MLV (A), SUV (B) and DPC micelle (C). Assignments of the signals of
choline groups and acyl chains are shown at the top of the spectra. A chemical shift
region of the signals of the [3-13C]Ala labeled PH domain is shown by a transverse bar at
the top of the spectra and vertical dotted lines.
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3.1. NMR spectra of [3-13C] Ala labeled PLC-δ1 PH domain bound to PIP2
embedded in MLV and SUV
Fig. 2A and B shows 13C NMR spectra of the [3-13C] Ala labeled
PLC-δ1 PH domain bound to PIP2 embedded in MLV and SUV,Table 1
Geometrical parameters of the vesicles and micelles and chemical shifts of Ala residues in t
Diameter (Å) Curvature (×10−3 Å−1) Chem
Ala11
MLVa 1×103–1×105c 0.020–2.00 18.93
SUVa 314.0d 6.37 18.71
DPC micelleb 40.2e 49.8 18.51
DM micelleb 33.3e 60.1 18.51
IP3 – – 18.41
a Molar ratio of PIP2 and POPC was 1:20.
b Molar ratio of PIP2 and detergent was 1:40.
c References [43–46].
d Determined by dynamic light scattering.
e Calculated from aggregation number and molecular dimensions of detergent.
f Covered by lipid CH3 signal.respectively. As shown in Table 1, the average diameter of the MLV
is expected to be more than one order of magnitude larger than that
of the SUV. Chemical shifts of 30.17 ppm for the acyl chains of POPC
indicate that the structure of the hydrophobic layers of MLV and SUV
in the liquid crystal phase are identical. 13C-labeled side-chain
methyl groups of alanine residues in the PH domain appear in the
region between 14 and 20 ppm. Fig. 3 shows expanded 13C NMR
spectra of [3-13C] Ala-labeled PH domain bound to PIP2 embedded in
MLV, SUV and the DPC and DM micelles. Assignments of the signals
arising from individual Ala residues according to the previously
reported assignments based on the site-directed replacement of Ala
residues are indicated at the top of the spectra [14]. As shown by a
branched dotted-line, the signals of Ala88 have been reported to
appear at 16.8 ppm and 17.5–17.6 ppm depending on the
conformations of Ala88 [14,17].
Fig. 3A shows a 13C NMR spectrum of a sample with a PH domain
bound to MLV. The signal of Ala21 which is expected to appear at
14.5 ppm is unresolved in Fig. 3A and B due to signiﬁcant overlap
with the signal of lipid methyl groups at 14.1 ppm. Fig. 3B shows a
13C NMR spectrum of the PH domain bound to PIP2 in SUV. As
summarized in Table 1, neither Ala116 nor Ala118 in the α3-helix
exhibit differences in chemical shift between the PH domains bound
to MLV and SUV. Ala88 in a sample with a PH domain bound to SUV
also shows a single peak with a chemical shift of 16.75 ppm close to
the value of 16.84 ppm for the PH domain bound to MLV. It has been
reported that the chemical shift displacement of the side chain
methyl carbon of alanine residue is dominated by the torsion angles
of the main chain [25–27]. These coincident chemical shifts suggest
the existence of identical conformations of the sites that include
these residues whether the PH domain is bound to MLV or SUV. The
chemical shift of Ala112 in the PH domain bound to SUV shows
signiﬁcant up-ﬁeld displacement from 18.93 ppm for the MLV-bound
PH domain to 18.71 ppm. This difference in the chemical shift of
Ala112 between the PH domain bound to MLV and SUV indicates that
the main chain conformation of Ala112 is affected by the curvature of
the lipid bilayer.3.2. NMR spectra of [3-13C] Ala labeled PLC-δ1 PH domains bound to PIP2
embedded in the DPC and DM micelles
Figs. 2C and 3C show 13C NMR spectra of [3-13C] Ala labeled PH
domain bound to PIP2 embedded in a micelle of DPC. The diameter of
themicelle estimated frommolecular dimensions and the aggregation
number of DPC is 40.2 Å. Most of the PH domains are expected to form
a 1:1 complex with the DPC micelle because the molar ratio of DPC to
the PH domain is 80 and the aggregation number of the DPCmicelle is
55 [28]. Since DPC has a polar head group identical to that of POPC as
shown in Fig. 1B, the chemical structure of the surface of the DPC
micelle is similar to that of the POPC vesicle (Table 1).he PH domain bound to the vesicles, micelles and IP3.
ical shifts (ppm)
2 Ala88 Ala116 Ala118 Ala21
– 16.84 15.81 15.39 –f
– 16.75 15.76 15.34 –f
17.58 16.76 15.95 15.42 14.62
17.63 16.80 15.89 15.42 14.63
17.47 16.66 15.74 15.34 14.54
2579N. Uekama et al. / Biochimica et Biophysica Acta 1788 (2009) 2575–2583The split peaks of Ala88 at 16.76 and 17.58 ppm indicate
conformations close to those of Ala88 in the PH domain complex
with IP3 (Table 1). The exchange rate of signals at 16.76 and
17.58 ppm arising from different conformations of Ala88 is found to
be much lower than the 102 Hz arising from the separation of the
splitting (82 Hz). As shown in Table 1, the chemical shift of Ala112 in
the PH domain bound to DPC micelle (18.51 ppm) shows a rather
small downﬁeld displacement from that of the IP3-bound PH domain,
and a signiﬁcant up-ﬁeld displacement from analogous signals
observed for SUV-bound (18.71 ppm) and the MLV-bound
(18.93 ppm) PH domains. The chemical shift of the Ala118 signal is
close to the signals of Ala118 in samples with PH domain bound to
vesicles and to IP3. The chemical shift of the Ala116 signal in the DPC-
bound PH domain (15.95 ppm) is signiﬁcantly displaced downﬁeld
relative to samples of the PH domain bound to the vesicles (MLV:
15.81 ppm , SUV: 15.76 ppm) and IP3 (15.74 ppm). The differences in
the chemical shifts of Ala112 and Ala116 between the PH domains
bound to DPCmicelle and to IP3 suggest the existence of differences in
the local conformations at Ala112 and Ala116 in contrast to the similar
conformational characteristics of Ala88.
Fig. 3D shows the 13C-NMR spectrum of [3-13C] Ala labeled PH
domain bound to the DM micelle. The diameter of the DM micelle
evaluated from its aggregation number of 98 and the dimensions of
molecule is 33.3 Å [29]. As shown in Table 1, the chemical shifts of the
ﬁve alanine residues in the PH domain bound to the DM micelle
coincide with those of the PH domain bound to the DPC micelle.
3.3. Effect of packing of the lipid molecules on the PH domain
Fig. 4A and B shows 13C-NMR spectra of the PH domain bound to
PIP2 embedded in POPC and DMPC vesicles, respectively. Molecular
dynamics (MD) studies have proposed that the POPC molecule
which contains an unsaturated oleoyl group occupies 64 Å2 of the
surface area of the membrane. This area is 4 Å2 greater than that of
DMPC which has fully saturated acyl chains [30,31]. X-ray diffraction
study also shows that the molecular area of DMPC in the hydrated
membrane (60–65 Å2) is signiﬁcantly smaller than that of egg yolk
phosphatidylcholine which predominantly comprises POPC (70–
75 Å2) [32]. Sizes of the vesicles were adjusted by passing the
vesicles through a membrane ﬁlter with 200 nm diameter pores
using a lipid extruder. The mean diameter of the vesicles after this
treatment is 128 nm. NMR measurements were carried out at 25 °C
to maintain the liquid crystal phase of the DMPC membrane whose
phase transition temperature is 23.5°C. The chemical shift of the
major methylene carbon signal in the saturated acyl chains of DMPC
is 30.82 ppm at 25°C indicating that the membrane is in the liquid
crystal phase [33]. The slight downﬁeld displacement of the
chemical shift with respect to the chemical shift of 30.08 ppm for
POPC is ascribed to an increase in the trans conformation of the
methylene groups which occurs as a result of increased packing
between the saturated acyl chains.
Chemical shifts of the signals arising from Ala88 and Ala116 are
virtually identical when the PH domain is bound to the POPC
membrane or the DMPC membrane. An increase in line-width of the
peak of Ala112 in the DMPC-bound PH domain indicates the
occurrence of inhomogeneous broadening of the Ala112 peak to
include several peaks with slightly different chemical shifts
corresponding to the slightly different torsion angles of Ala112. A
downﬁeld displacement of the signal of Ala118 in the DMPC-bound
PH domain is observed at 15.48 ppm and the same signal for theFig. 3. Effects of interface curvature on the solid state 13C NMR spectra of PLC-δ1 PH
domain. Expanded solid state 13C NMR spectra of the [3-13C]Ala labeled PLC-δ1 PH
domain bound to PIP2 embedded in MLV (A), SUV (B), DPC micelle (C) and DMmicelle
(D). (E) Solid state 13C NMR spectra of the [3-13C]Ala labeled PLC-δ1 PH domain bound
to IP3 in solution. Signals ascribed to the lipids, DPC and DM are indicated by asterisks.
Fig. 4. Effects of packing between the lipid acyl chains on the solid state 13C NMR
spectra of PLC-δ1 PH domain. Solid state 13C NMR spectra of the [3-13C]Ala-labeled PLC-
δ1 PH domain bound to PIP2 embedded in POPC (A) and DMPC (B) vesicles. Signals
ascribed to the lipids are indicated by asterisks.
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Ala118 adopts different conformations in the different membrane.4. Discussions
In our previous investigations, we reported that the PLC-δ1 PH
domain shows a non-speciﬁc membrane interaction via an amphi-
pathic α-helix in addition to a stereo-selective, high-afﬁnity binding
to a PIP2 head group [14]. We have also shown that the penetration of
the amphipathic α-helix of the PH domain provides an increase in the
membrane binding afﬁnity and a conformational alteration of the
domain at the membrane surface in a manner dependent upon the
lipid composition [17]. This implies that non-speciﬁc membrane
binding via the amphipathicα-helix provides a regulatorymechanism
for the membrane localization of PLC-δ1 in response to the properties
of the membrane.
Previous solid-state 13C NMR studies on the PLC-δ1 PH domain
revealed that the chemical shift alterations of the side-chain methyl
carbons in Ala88 and Ala112 caused by a reorientation of the α2-helix
provide useful probes for investigating the membrane penetration of
the α2-helix that necessarily accompanies reorientation of the
amphipathic α2-helix at the water–hydrophobic layer interface
[14]. Dual peaks of Ala88 included in the α2-helix of the PH domain
which forms a complex with IP3 in solution at 16.66 and 17.47 ppm
(Fig. 3E) merge into a single peak at 16.8 ppm at the membranesurface (Fig. 3A). This merging of signals arises from a conformational
change of Ala88 in the reoriented α2-helix at the membrane interface
(Fig. 5A, right). A simultaneous chemical shift displacement of the
Ala112 signal from 18.41 ppm in solution to 18.71–18.93 ppm at the
membrane surface is accompanied by a signiﬁcant increase in the
line-width. This observation also reﬂects the reorientation of the α2-
helix at the membrane interface via a conformational change of the C-
terminus of the β5/β6 loop (Fig. 5A, right).
As shown in Fig. 3C, D and Table 1, the dual peaks of Ala88 at 16.8
and 17.6 ppm and the single peak of Ala112 at 18.5 ppm observed
when the PH domain is bound to PIP2 in DPC and DMmicelles indicate
that the reorientation of theα2-helix as a consequence of interactions
between the α2-helix and the water–hydrophobic layer interface is
abolished at the surfaces of the micelles. This difference between the
micelles and the membrane is rationalized by the higher curvature of
the interface of the micelle as shown schematically in Fig. 5A and B.
The highly curved interface would prevent access of the α2-helix in
the PH domain (which is anchored to the PIP2 head group) to the
water–hydrophobic layer interface. The lack of response of the
chemical shifts of the Ala88 and Ala112 signals to the difference in
the chemical structure of DM and DPC indicates a lack of speciﬁc
interactions between the surface of the micelles and the PH domain
(Fig. 5A, left). The difference in order of the acyl chains between the
micelles and the membrane would also have little effect on the
conformation of the PH domain, because of the difﬁculty in
approaching of the α2-helix to the highly curved hydrophobic
phase of the micelle. On the contrary, the single peak which has a
chemical shift of 16.8 ppm for Ala88 and the downﬁeld displacement
of the Ala112 signal from 18.41 ppm to 18.71–18.93 ppm indicate
membrane-penetration and reorientation of the α2-helix and
accompanying conformational alteration of the β5/β6 loop, respec-
tively, at the surface of MLV and SUV (Figs. 3A, B and 5A, right). These
results suggest that the amphipathic α2-helix contributes to the
membrane association and subsequent conformational change of the
PH domain only at lipid bilayer surfaces which have a lower curvature
of the water–hydrophobic layer interface than that of micelles as
shown in Fig. 5A.
These alterations of the conformation and membrane-interaction
of the PLC-δ1 PH domain might be involved in a regulatory
mechanism of the function of PLC-δ1 which depends upon the
location of the protein in the cell. It has been shown that PLC-δ1
constantly circulates between the cytoplasm and the nucleus in a
manner facilitated by nuclear localization and nuclear export signal
sequences [11,34]. Steady state populations of PLC-δ1 in the
cytoplasm and nucleus are regulated by levels of PIP2 in the plasma
membrane and the nucleus (nuclear PIP2) [35]. In contrast to the PIP2
in the plasma membrane of the lipid bilayer, the physicochemical
form of nuclear PIP2 has not been clearly identiﬁed. Immuno-gold
labeling of ultra-thin cryo-sections of the cell using a GST-tagged
PLC-δ1 PH domain have shown that the nuclear PIP2 recognized by
the PH domain is concentrated on electron-dense intranuclear
particles [36]. Immuno-labeling of the cryo-sections of the cell and
the detergent-permeabilized cell with anti-PIP2 antibodies have also
indicated that the detergent-resistant PIP2 is co-localized with
electron-dense intranuclear structure [37]. Consequently, the pool
of nuclear PIP2 is proposed to be associated with the electron-dense
structures known as nuclear speckles (NS) or interchromatin granule
clusters (IGCs) comprising the transcription and pre-mRNA splicing
machinery [38]. PIP2 in NS is resistant to extraction with detergent.
This suggests that the PIP2 is not embedded in the normal lipid
bilayer, and might instead be included in a detergent-resistant
complex with proteins [39]. The increase in the avidity for the
membrane and the conformational change of the PLC-δ1 PH domain
derived from the non-speciﬁc α2-helix-interface interaction at the
membrane surface would be abolished in the nucleus due to the non-
membranous form of the nuclear PIP2. Consequently, the non-speciﬁc
Fig. 5. Schematic representation of the PLC-δ1 PH domain bound to micelle and vesicles. (A) Schematic representation of the PLC-δ1 PH domain bound to PIP2 embedded in micelle
(left) and lipid bilayer (right). The micelle and the lipid bilayer are indicated by shaded circle and rectangle, respectively. Hydrophobic inner-layer and interface region between
water and the hydrophobic inner layer are colored deep and pale gray, respectively. Inositol head groups of PIP2 are represented by hexagons ﬂanked with three circles indicating
phosphate groups. Schematic models of the PH domain are constructed based on the X-ray structure of the PLC-δ1 PH domain-IP3 complex (1MAI). The β-sheets,α-helices and loops
are indicated by rectangles, cylinders and solid lines. The α2-helix is highlighted with shade. Alanine residues are indicated by a shaded circles. (B) Comparison of sizes of the PH
domain, micelle, SUV and MLV. Relative sizes of the PLC-δ1 PH domain, micelle, SUV, and MLV 300 Å in diameter are shown by circles. Surface of MLV 1×105 Å in diameter is
schematically represented by a horizontal line. Curvatures of the micelle, SUV and MLV 1×105 Å in diameter in the vicinity of the PH domain is shown in a box. A distance between
the surfaces of SUV and MLV at a point 20 Å distant from the point of contact of the membranes and the PH domain is indicated by a vertical bar.
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phobic layer interface might affect the population and function of the
PLC-δ1 in the nucleus.
The chemical shift of Ala112 in the PH domain bound to SUV
(18.71 ppm) shows a signiﬁcant but smaller extent of downﬁeld
displacement from the values for the micelle- (18.51 ppm) and IP3-
associated (18.41 ppm) PH domains relative to that of the MLV-
bound PH domain (18.93 ppm) (Table 1 and Fig. 3A–E). These
alterations in chemical shifts of Ala112 which ﬂanks the C-terminus
of the β5/β6 loop reveal the existence of conformational differences
of this site which plays a role in connecting the stereo-selective PIP2
binding site at the open-corner of the β-sandwich core and the
amphipathic α2-helix in the β5/β6-loop in response to the
differences in curvature of the water–hydrophobic layer interfaces.
The conformational change of the long β5/β6-loop would absorb a
conformational strain of the PH domain caused by the simultaneousanchoring of the two membrane binding sites indicated in Fig. 5A
(right) to the curved membrane surface. The estimated distance
between the surface of lipid bilayer and the α2-helix of the PH
domain anchored to the head group of PIP2 in a schematic model
shown in Fig. 5B is slightly different (∼1.3 Å) for MLV and SUV. The
conformational change of the linker between the stereo-selective
and the non-speciﬁc binding sites of the PH domain is proposed to
provide a sensitive detector of the curvature of the membrane. This
might contribute to regulatory mechanisms of the protein function
in response to differences and deformations in the curvature of
membranes of organelles.
The penetration of the amphipathic α-helix into the water–
hydrophobic layer interface which accompanies spatial exclusion of
lipid molecules would be affected by the extent of packing between
the lipid molecules. As shown in Fig. 4, the chemical shifts of Ala88 in
the PH domain bound to the POPC or DMPC membranes in the liquid
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penetration and reorientation of the α2-helix may have occurred. A
downﬁeld displacement of the peak of Ala112 to 18.76 ppm relative
to its position when the PH domain is in solution is accompanied by a
signiﬁcant increase in line-width. This indicates that the PLC-δ1 PH
domain bound to PIP2 embedded in the DMPC membrane adopts a
conformation suitable for penetration of the amphipathic α2-helix
into the membrane interface as a non-speciﬁc membrane binding site
in a manner similar to that induced at the surfaces of the POPC
membranes (Figs. 3A, B, 4A, 5A and Table 1). The signal of Ala112 in
the PH domain bound to the DMPC membrane shows a greater
inhomogeneous broadening than that of the PH domain bound to the
POPC membrane (Fig. 4). This conformational alteration of Ala112
and a simultaneous downﬁeld displacement of the signal of Ala118
whose side-chain is in contact with that of Ala112 in the X-ray model
structure reveal that the conformation of the C-terminus of the β5/
β6 loop connecting the β-sandwich core and the amphipathic α2-
helix is different at the DMPC and the POPC membrane surfaces.
These results suggest that the membrane association of the non-
speciﬁc binding site of the PLC-δ1 PH domain accompanying the
membrane penetration and reorientation of the α2-helix occurs at
both the surfaces of DMPC and POPC membranes despite the
difference in the degree of saturation of the lipid acyl chains. The
conformational alterations of Ala112 and Ala118 are ascribed to
changes in the mutual orientation of the stereo-selective and the
non-speciﬁc membrane binding sites at the POPC and DMPC
membrane surfaces. These observations suggest that the penetration
depth and/or stability of the α2-helix at the water–hydrophobic
layer interface are affected by acyl chain order or acyl chain packing
of the lipid molecules.
5. Conclusions
In conclusion, a water–hydrophobic bilayer interface with low
curvature is necessary for membrane association of the PLC-δ1 PH
domain with the dual membrane binding sites (the stereo-selective
PIP2 binding site and the non-speciﬁc membrane binding site
consisting of the amphipathic α2-helix), and a rather small difference
in the curvature of the membrane such as the difference evident
between MLV and SUV is sufﬁcient to induce conformational
alterations of the PH domain via mutual orientations of two
membrane surface binding sites. Cooperative membrane binding
mechanisms consisting of a stereo-selective lipid binding site and
non-speciﬁc membrane binding site have been proposed for a number
of phosphoinositide-speciﬁc membrane binding domains including
the PH, PX, FERM, FYVE and ENTH domains [5]. In the PX and FYVE
domains, penetration of hydrophobic residues into the membrane
contributes to the cooperative membrane binding mechanism
[40–42]. The sensitivity of the conformation and the membrane
binding mechanism of the PH domain to the structural properties of
the PIP2 complex such as the curvature of the water–hydrophobic
layer interface and the extent of packing between lipid molecules
would be included in the mechanisms for regulating the localization
and function of PLC-δ1 in the cell.
Acknowledgement
This work was supported by Grant 19036031 from the Ministry of
Education, Culture, Sports, Science and Technology of Japan (to S.T.)
and Grant 20655017 from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (to K.N.).
References
[1] R.J. Haslam, H.B. Koide, B.A. Hemmings, Pleckstrin domain homology, Nature 363
(1993) 309–310.[2] M.J. Rebecchi, S. Scarlata, Pleckstrin homology domains: a common fold with
diverse functions, Annu. Rev. Biophys. Biomol. Struct. 27 (1998) 503–528.
[3] M.A. Lemmon, K.M. Ferguson, Signal-dependent membrane targeting by
pleckstrin homology (PH) domains, Biochem. J. 350 (2000) 1–18.
[4] M.A. Lemmon, Pleckstrin homology (PH) domains and phosphoinositides,
Biochem. Soc. Symp. (2007) 81–93.
[5] J.P. DiNitto, T.C. Cronin, D.G. Lambright, Membrane recognition and targeting by
lipid-binding domains, Sci. STKE 213 (2003) re16.
[6] M. Rebecchi, A. Peterson, S. McLaughlin, Phosphoinositide-speciﬁc phospholipase
C-δ1 binds with high afﬁnity to phospholipid vesicles containing phosphatidyli-
nositol 4,5-bisphosphate, Biochemistry 31 (1992) 12742–12747.
[7] P. Garcia, R. Gupta, S. Shah, A.J. Morris, S.A. Rudge, S. Scarlata, V. Petrova, S.
McLaughlin, M.J. Rebecchi, Phosphoinositide-speciﬁc phospholipase C-δ1 binds
with high afﬁnity to phospholipid vesicles containing phosphatidylinositol 4,5-
bisphosphate, Biochemistry 34 (1995) 16228–16234.
[8] J.M. Kavran, D.E. Klein, A. Lee, M. Falasca, S.J. Isakoff, E.Y. Scolnik, M.A. Lemmon,
Speciﬁcity and promiscuity in phosphoinositide binding by pleckstrin homology
domains, J. Biol. Chem. 273 (1998) 30497–30508.
[9] P. Varnai, X. Lin, S.B. Lee, G. Tuymetva, T. Bondeva, A. Spat, S.G. Rhee, G. Hajnoczky,
T. Balla, Inositol lipid binding and membrane localization of isolated pleckstrin
homology (PH) domains. Studies on the PH domains of phospholipase C δ1 and
p130, J. Biol. Chem. 277 (2002) 27412–27422.
[10] J.W. Lomasney, H.F. Cheng, L.P. Wang, Y. Kuan, S. Liu, S.W. Fesik, K. King,
Phosphatidylinositol 4,5-bisphosphate binding to the pleckstrin homology
domain of phospholipase C-δ1 enhances enzyme activity, J. Biol. Chem. 271
(1996) 25316–25326.
[11] H. Yagisawa, M. Okada, Y. Naito, K. Sasaki, M. Yamaga, M. Fujii, Coordinated
intracellular translocation of phosphoinositide-speciﬁc phospholipase C-δ with
the cell cycle, Biochim. Biophys. Acta 1761 (2006) 522–534.
[12] H. Yagisawa, Nucleocytoplasmic shuttling of phospholipase C-δ1: a link to Ca2+,
J. Cell. Biochem. 97 (2006) 233–243.
[13] M. Okada, T. Ishimoto, Y. Naito, H. Hirata, H. Yagisawa, Phospholipase Cδ1
associates with importin β1 and translocates into the nucleus in a Ca2+-
dependent manner, FEBS Lett. 579 (2005) 4949–4954.
[14] S. Tuzi, N. Uekama, M. Okada, S. Yamaguchi, H. Saito, H. Yagisawa, Structure and
dynamics of the phospholipase C-δ1 pleckstrin homology domain located at the
lipid bilayer surface, J. Biol. Chem. 278 (2003) 28019–28025.
[15] K.M. Ferguson, M.A. Lemmon, J. Schlessinger, P.B. Sigler, Structure of the high
afﬁnity complex of inositol trisphosphate with a phospholipase C pleckstrin
homology domain, Cell 83 (1995) 1037–1046.
[16] H. Yagisawa, K. Sakuma, H.F. Paterson, R. Cheung, V. Allen, H. Hirata, Y. Watanabe,
M. Hirata, R.L. Williams, M. Katan, Replacements of single basic amino acids in the
pleckstrin homology domain of phospholipase C-δ1 alter the ligand binding,
phospholipase activity, and interaction with the plasma membrane, J. Biol. Chem.
273 (1998) 417–424.
[17] N. Uekama, T. Sugita, M. Okada, H. Yagisawa, S. Tuzi, Phosphatidylserine induces
functional and structural alterations of the membrane-associated pleckstrin
homology domain of phospholipase C-δ1, FEBS J. 274 (2007) 177–187.
[18] V. Legendre-Guillemin, S. Wasiak, N.K. Hussain, A. Angers, P.S. McPherson, ENTH/
ANTH proteins and clathrin-mediated membrane budding, J. Cell. Sci. 117 (2004)
9–18.
[19] B. Ritter, P.S. McPherson, There's a GAP in the ENTH domain, Proc. Natl. Acad. Sci.
U.S.A. 103 (2006) 3953–3954.
[20] P. De Camilli, H. Chen, J. Hyman, E. Panepucci, A. Bateman, A.T. Brunger, The ENTH
domain, FEBS Lett. 513 (2002) 11–18.
[21] M.G.J. Ford, I.G. Mills, B.J. Peter, Y. Vallis, G.J. Praefcke, P.R. Evans, H.T. McMahon,
Curvature of clathrin-coated pits driven by epsin, Nature 419 (2002) 361–366.
[22] J. Hyman, H. Chen, P.P. Di Fiore, P. De Camilli, A.T. Brunger, Epsin 1 undergoes
nucleocytosolic shuttling and its eps15 interactor NH2-terminal homology
(ENTH) domain, structurally similar to Armadillo and HEAT repeats, interacts
with the transcription factor promyelocytic leukemia Zn2+ ﬁnger protein (PLZF),
J. Cell Biol. 149 (2000) 537–546.
[23] R.V. Stahelin, F. Long, B.J. Peter, D. Murray, P. De Camilli, H.T. McMahon, W. Cho,
Contrasting membrane interaction mechanisms of AP180 N-terminal homology
(ANTH) and epsin N-terminal homology (ENTH) domains, J. Biol. Chem. 278
(2003) 28993–28999.
[24] H. Yagisawa, M. Hirata, T. Kanemetsu, Y.Watanabe, S. Ozaki, K. Sakuma, H. Tanaka,
N. Yabuta, H. Kamata, H. Hirata, H. Nojima, Expression and characterization of an
inositol 1,4,5-trisphosphate binding domain of phosphatidylinositol-speciﬁc
phospholipase C-δ1, J. Biol. Chem. 269 (1994) 20179–20188.
[25] H. Saitô, Conformation-dependent 13C chemical shifts: a new means of
conformational characterization as obtained by high-resolution solid-state 13C
NMR, Magn. Reson. Chem. 24 (1986) 835–852.
[26] H. Saitô, AndoI , High-resolution solid-state NMR studies of synthetic and
biological macromolecules, Annu. Rep. NMR Spectrosc. 21 (1989) 209–290.
[27] H. Saitô, S. Tuzi, A. Naito, Empirical versus nonempirical evaluation of secondary
structure of ﬁbrous and membrane proteins, Annu. Rep. NMR Spectrosc. 36
(1998) 79–121.
[28] M. le Maire, P. Champeil, J.V. Moller, Interaction of membrane proteins and lipids
with solubilizing detergents, Biochim. Biophys. Acta 1508 (2000) 86–111.
[29] M. Aoudia, R. Zana, Aggregation behavior of sugar surfactants in aqueous
solutions: effects of temperature and the addition of nonionic polymers, J. Colloid
Interface Sci. 206 (1998) 158–167.
[30] K. Murzyn, T. Róg, G. Jezierski, Y. Takaoka, M. Pasenkiewicz-Gierula, Effects of
phospholipid unsaturation on the membrane/water interface: a molecular
simulation study, Biophys. J. 81 (2001) 170–183.
2583N. Uekama et al. / Biochimica et Biophysica Acta 1788 (2009) 2575–2583[31] M. Pasenkiewicz-Gierula, Y. Takaoka, H. Miyagawa, K. Kitamura, A. Kusumi,
Charge pairing of headgroups in phosphatidylcholine membranes: a molecular
dynamics simulation study, Biophys. J. 76 (1999) 1228–1240.
[32] B. Cornell, F. Separovic, Membrane thickness and acyl chain length, Biochim.
Biophys. Acta 733 (1983) 189–193.
[33] S. Yamaguchi, S. Tuzi, J.U. Bowie, H. Saito, Secondary structure and backbone
dynamics of Escherichia coli diacylglycerol kinase, as revealed by site-directed
solid-state 13C NMR, Biochim. Biophys. Acta 1698 (2004) 97–105.
[34] M. Okada, M. Fujii, M. Yamaga, H. Sugimoto, H. Sadano, T. Osumi, H. Kamata, H.
Hirata, H. Yagisawa, Carboxyl-terminal basic amino acids in the X domain are
essential for thenuclear import of phospholipase C δ1, Genes Cells 7 (2002)985–996.
[35] J.D. Stallings, E.G. Tall, S. Pentyala, M.J. Rebecchi, Nuclear translocation of
phospholipase C-δ1 is linked to the cell cycle and nuclear phosphatidylinositol
4,5-bisphosphate, J. Biol. Chem. 280 (2005) 22060–22069.
[36] S.A. Watt, G. Kular, I.N. Fleming, C.P. Downes, J.M. Lucocq, Subcellular localization
of phosphatidylinositol 4,5-bisphosphate using the pleckstrin homology domain
of phospholipase C δ1, Biochem. J. 363 (2002) 657–666.
[37] G.Mazzotti, N. Zini, E. Rizzi, R. Rizzoli, A. Galanzi, A. Ognibene, S. Santi, A.Matteucci,
A.M. Martelli, N.M. Maraldi, Immunocytochemical detection of phosphatidylino-
sitol 4,5-bisphosphate localization sites within the nucleus, J. Histochem.
Cytochem. 43 (1995) 181–191.
[38] S.L. Osborne, C.L. Thomas, S. Gschmeissner, G. Schiavo, Nuclear PtdIns(4,5)P2
assembles in amitotically regulated particle involved in pre-mRNA splicing, J. Cell.
Sci. 114 (2001) 2501–2511.[39] L.R. Vann, F.B.P. Wooding, R.F. Irvine, N. Divecha, Metabolism and possible
compartmentalization of inositol lipids in isolated rat-liver nuclei, Biochem. J. 327
(1997) 569–576.
[40] R.V. Stahelin, A. Burian, K.S. Bruzik, D. Murray, W. Cho, Membrane binding
mechanisms of the PX domains of NADPH oxidase p40phox and p47phox, J. Biol.
Chem. 278 (2003) 14469–14479.
[41] D. Karathanassis, R.V. Stahelin, J. Bravo, O. Perisic, C.M. Pacold, W. Cho, R.L.
Williams, Binding of the PX domain of p47phox to phosphatidylinositol 3,4-
bisphosphate and phosphatidic acid is masked by an intramolecular interaction,
EMBO J. 21 (2002) 5057–5068.
[42] H. Stenmark, R. Aasland, P.C. Driscoll, The phosphatidylinositol 3-phosphate-
binding FYVE ﬁnger, FEBS Lett. 513 (2002) 77–84.
[43] M.N. Jones, D. Chapman, Micelles, Monolayers, and Biomembranes, Wiley-Liss,
New York, 1995.
[44] F. Olson, C.A. Hunt, F.C. Szoka, W.J. Vail, D. Papahadjopoulos, Preparation of
liposomes of deﬁned size distribution by extrusion through polycarbonate
membranes, Biochim. Biophys. Acta 557 (1979) 9–23.
[45] F. Maestrelli, M.L. González-Rodríguez, A.M. Rabasco, P. Mura, Effect of
preparation technique on the properties of liposomes encapsulating ketopro-
fen-cyclodextrin complexes aimed for transdermal delivery, Int. J. Pharm. 312
(2006) 53–60.
[46] M.T. Roy, M. Gallardo, J. Estelrich, Bilayer distribution of phosphatidylserine and
phosphatidylethanolamine in lipid vesicles, Bioconjug. Chem. 8 (1997)
941–945.
